Introduction {#section1-1753466618783878}
============

Lung cancer is the second most common cancer in the United States (US), with 234,030 new cases predicted to be diagnosed in 2018 alone.^[@bibr1-1753466618783878]^ Despite advancements in treatment paradigms, lung cancer remains the leading cause of cancer deaths worldwide. Over 85% of lung cancer diagnosed in the US is non-small cell lung cancer (NSCLC), which currently has a 5-year overall survival (OS) rate of 44% across all stages.^[@bibr1-1753466618783878],[@bibr2-1753466618783878]^ However, 58% of patients will present with metastatic (stage IV) disease at the time of diagnosis and these patients have an especially poor prognosis with a 5% OS at 5 years.^[@bibr1-1753466618783878],[@bibr2-1753466618783878]^

In early stage disease, radiation therapy is typically limited to patients who are medically inoperable or who decline surgical resection,^[@bibr3-1753466618783878]^ although there are some prospective and institutional data to suggest that radiation treatment for stage I NSCLC has similar oncological outcomes to surgery in operable patients.^[@bibr4-1753466618783878][@bibr5-1753466618783878]--[@bibr6-1753466618783878]^ In stage III or locally advanced disease, radiation is given in approximately 60% of all patients^[@bibr7-1753466618783878]^ and is often delivered with chemotherapy, either concurrently or sequentially, as definitive bimodality treatment. There is a 4.5% absolute OS benefit at 5 years to receiving concurrent chemotherapy and radiation therapy as opposed to a sequential treatment paradigm at the expense of increased toxicities, most notably esophagitis,^[@bibr8-1753466618783878][@bibr9-1753466618783878]--[@bibr10-1753466618783878]^ and the ability to deliver concurrent therapy is frequently contingent on a patient's performance status. Chemoradiation can also be given as a neoadjuvant treatment before surgical resection (trimodality therapy) in patients who have operable disease in an attempt to further improve local control and progression-free survival in the most fit patients with more limited nodal disease.^[@bibr11-1753466618783878]^

Despite the improved precision of modern-day radiotherapy with techniques like intensity-modulated radiation therapy (IMRT), the advent of daily image guidance, and the increased use of advanced techniques to account for and mitigate tumor motion, delivery of definitive photon therapy for NSCLC remains quite challenging. The dose of radiotherapy needed for potential cure regularly exceeds the tolerance of surrounding normal organs at risk (OARs) such as the lung parenchyma, heart and spinal cord.^[@bibr12-1753466618783878]^ Toxicity at these doses is not trivial, especially with concurrent chemotherapy in a patient population highly susceptible to treatment side effects. The majority of NSCLC patients present at an advanced age and have pre-existing cardiopulmonary disease secondary to a smoking history, leaving them prone to significant treatment toxicity.^[@bibr13-1753466618783878],[@bibr14-1753466618783878]^ Proton therapy may allow for a reduction in such toxicities from thoracic radiation therapy and is the subject of this review.

Modalities of proton treatment {#section2-1753466618783878}
==============================

Proton therapy has become an enticing treatment modality for NSCLC, largely based on the physical property of the Bragg peak, where the majority of the proton dose is deposited across a very narrow range, with very little to no 'exit dose' to normal structures in the thorax. The planning and delivery of proton therapy can be broadly divided into two main categories: passively scattered proton therapy (often called passive scattering; PS) and active scanning proton therapy (often referred to as pencil beam scanning proton therapy; PBS).^[@bibr1-1753466618783878]^ Both techniques take a single, monoenergetic (high energy \~250 MeV) proton beam, typically with approximately a 4 mm-cross sectional beam diameter (or spot size) and disperse the protons to deliver a dose to targets that are usually large and irregularly shaped \[i.e. not perfect spheres; [Figure 1(a)](#fig1-1753466618783878){ref-type="fig"}\]. This complex task can be further subdivided into two elementary components: dispersal of particles in a plane that is orthogonal to the entry of the beam and dispersal of particles in a plane that is parallel to the entry of the beam.^[@bibr2-1753466618783878],[@bibr3-1753466618783878]^

![Components involved in PS proton therapy.\
ESS, energy selection system; PS, passive scatter.](10.1177_1753466618783878-fig1){#fig1-1753466618783878}

PS has been used for several decades and is an effective solution for tumors with relatively simple treatment geometry (shape, position, proximity to OARs). PS uses physical scatterers (typically two scatterers) that cause, as the name suggests, the protons to be scattered in a plane that is orthogonal to the entry of the beam. For small tumors (i.e. eye malignancies), a single scatterer is sufficient for tumor coverage. For any tumor with significant size, such as a bulky NSCLC primary tumor, a double scatterer with high scattering power is needed. This allows for the 4 mm spot size proton beam to cover a much broader surface area. Assuming that there is no energy loss during this step, scatterers would merely allow the coverage of a flat circular target \[[Figure 1(b)](#fig1-1753466618783878){ref-type="fig"}\]. The beam energy exited from the cyclotron/synchrotron can be adjusted by a carbon double wedge energy selection system (ESS) to reduce the high proton energy and give a maximum energy such that protons stop at the distal edge of a tumor \[[Figure 1(c)](#fig1-1753466618783878){ref-type="fig"}\].^[@bibr3-1753466618783878]^ Since most targets are not perfectly spherical, an additional physical device called an aperture (typically made of brass) is used to shape the beam in that plane \[[Figure 1(d)](#fig1-1753466618783878){ref-type="fig"}\].

Most tumors are also not flat, and this is why the second elementary task, dispersing protons in a plane parallel to the entry of the beam, must be accomplished to adequately treat the thickness of the tumor. PS uses a similar two step approach as the previous task to achieve this goal. The depth at which a proton beam deposits the bulk of its energy (i.e. the Bragg peak) is related to the initial energy of the proton beam. Protons are continually being slowed down as they lose their kinetic energy through various interactions in matter and eventually stop once all their energy is deposited. In order to disperse the dose in the plane of the beam, the protons would need to stop at different depths instead of all stopping at the same depth. This means the monoenergetic proton beam must be replaced with a beam containing protons of many different energies. This is accomplished by using a range-modulator wheel \[[Figure 1(e)](#fig1-1753466618783878){ref-type="fig"}\].^[@bibr3-1753466618783878],[@bibr4-1753466618783878]^ Like the scatterer, the range-modulator wheel, spreads out the distance over which the protons stop uniformly across the entire field (called the Spread-Out Bragg Peak; SOBP), and, therefore, can allow for an otherwise flat circular field to be modified to a field that can adequately cover the tumor \[[Figure 1(e)](#fig1-1753466618783878){ref-type="fig"}\]. However, one last step is required to address any differences in the deepest portion of the tumor across the plane, and this is accomplished by a device known as a compensator \[[Figure 1(f)](#fig1-1753466618783878){ref-type="fig"}\]. As evident from the figure, PS is unable to conform the proximal edge of the dose to the target volume, and this is one of the important distinctions between PS and PBS.

PBS is a newer approach to creating a broader target coverage from the narrow, monoenergetic proton beam. PBS uses a system of magnets near the exit of the beam to deflect the beam in order to deliver protons across the entire cross-section of the target that is orthogonal to the proton beam. As the beam is shifted through the tumor, 'spots' of protons are left throughout the target; therefore, this technique is also referred to as 'spot-scanning' ([Figure 2](#fig2-1753466618783878){ref-type="fig"}). The distribution of protons in the plane parallel to the direction of the beam is attained in a very similar fashion to PS, except instead of the range-modulator wheel, a series of wedges, known collectively as the ESS, are used to degrade the energy in a step-wise fashion.^[@bibr3-1753466618783878]^ This allows the radiation dose to be painted in a layer-by-layer approach. Because each layer can have an independent set of spots where a dose is delivered, both the distal and proximal edges of the dose can now be conformed to the target ([Figure 2](#fig2-1753466618783878){ref-type="fig"}), which can further allow for OAR sparing compared with PS.^[@bibr5-1753466618783878]^

![PBS proton therapy.\
ESS, energy selection system; PBS, pencil beam scanning.](10.1177_1753466618783878-fig2){#fig2-1753466618783878}

Some additional advantages of PBS over PS include the omission of beam-specific apertures and compensators, which are physical pieces that must be individually manufactured for each field, adding time, labor, and cost to treatments. This in turn reduces the burden of treating with multiple different fields from multiple different angles and has led to the development of intensity-modulated proton therapy (IMPT).^[@bibr6-1753466618783878],[@bibr7-1753466618783878]^ Simply put, IMPT allows the use of multiple fields with a very heterogeneous dose in each field to add together to provide a more homogenously distributed final target dose ([Figure 2](#fig2-1753466618783878){ref-type="fig"}).

The one potential caveat to this advancement has been the theoretical increase in uncertainty. Because PBS does not treat the entire target volume simultaneously, changes in density along the path of the proton beam and changes in the target location, such as due to respiration, could alter the actual delivered dose from the initial planned dose, thereby potentially over-treating some areas of adjacent normal tissues or undertreating areas of the tumor volume.^[@bibr3-1753466618783878],[@bibr8-1753466618783878][@bibr9-1753466618783878][@bibr10-1753466618783878]--[@bibr11-1753466618783878]^ This phenomenon has been termed the 'interplay effect', as it represents the 'interplay' between the motion of the target and the motion of the proton beam as it cycles through the various 'spots'. Multiple methods are being developed to address these uncertainties, including turning the beam on and off at particular points during the respiratory cycle (termed gating) and mitigating the total excursion of tumor motion *via* external techniques such as abdominal compression.^[@bibr12-1753466618783878][@bibr13-1753466618783878][@bibr14-1753466618783878]--[@bibr15-1753466618783878]^ Alternatively, because the effects of the interplay can be relatively stochastic, techniques that increase frequency of delivery can lead to a regression toward the mean, and thereby abrogate the effect. This can be accomplished through dose fractionation, as radiation doses, particularly in more advanced disease, are usually delivered in small fractions over multiple weeks, or by specifically introducing the analogous effect in shorter courses of radiation *via* repainting.^[@bibr16-1753466618783878]^ Repainting can be done in several different ways, with volumetric and layered techniques being the two most common strategies. In general, either strategy employs delivering a portion of the dose for that fraction while the target is scanned multiple times, rather than delivering the full fraction dose to each spot with one round of scanning.^[@bibr3-1753466618783878],[@bibr17-1753466618783878]^

Proton therapy allows for the opportunity to reduce dose to normal structures relative to the target dose. While there are multiple studies ongoing that will help elucidate the magnitude and utility of this benefit, preliminary clinical results are encouraging for early stage and locally advanced lung cancers and are increasingly being reported in the literature.

Rationale for proton therapy in NSCLC {#section3-1753466618783878}
=====================================

Photon therapy is a form of ionizing radiation treatment that delivers dose though out the course of its beam path, which differs from proton therapy, where dose deposition happens across a very narrow range, allowing proton therapy to better spare normal tissues and organs beyond the tumor. This property allows for improved dose distributions with proton treatment by decreasing irradiation to critical structures ([Table 1](#table1-1753466618783878){ref-type="table"}). In lung cancer, proton therapy, when compared with photon treatment, has significant dosimetric advantages, with reduced dose to normal lung, esophagus, heart and other OARs.^[@bibr18-1753466618783878]^ The dosimetric gain with proton therapy can potentially decrease treatment-related toxicities that may attenuate survival^[@bibr19-1753466618783878]^ and can allow for safer delivery of dose-escalated therapy that may improve local control.^[@bibr18-1753466618783878],[@bibr20-1753466618783878]^ Furthermore, sparing normal tissues might also increase the safe utility of multimodality therapy^[@bibr21-1753466618783878]^ along with the feasibility of safely giving reirradiation in the setting of locoregional recurrence.^[@bibr22-1753466618783878],[@bibr23-1753466618783878]^

###### 

Rationale and potential benefits of proton therapy for non-small cell lung cancer.^*[a](#table-fn1-1753466618783878){ref-type="table-fn"}*^

![](10.1177_1753466618783878-table1)

  Rationale                                                                                                       Potential benefit
  --------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reduce dose to normal tissue                                                                                    Reduce treatment toxicities
  Safer delivery of high-dose radiation to tumors close to critical organs (i.e. spinal cord or heart)            Increased chance of cure not attainable with photon treatment or chemotherapy alone, without attenuation of survival secondary to treatment toxicities (i.e. cardiovascular events)
  Safer delivery of dose escalation                                                                               Improvement in local tumor control and survival
  Allows for a safer combination of radiation therapy with chemotherapy and surgery for trimodality treatment     Improvement in local tumor control and progression-free survival compared with definitive radiation alone or bimodality chemoradiation
  Safer treatment of locoregionally recurrent tumors with radiation in patients who previously had radiotherapy   Chance of cure not attainable with photon therapy or chemotherapy alone

Table adapted from Simone CB II and Rengan R.

A recent National Cancer Database (NCDB) analysis was done comparing outcomes in NSCLC patients (stages I--IV) using photon (*n* = 243, 822) *versus* proton (*n* = 348) radiation treatment. Proton utilization was associated with a significant OS advantage using a propensity-matched analysis at 5 years (22% *versus* 16%, *p* = 0.025), especially in more advanced disease (stage II--III).^[@bibr24-1753466618783878]^ The physical attributes of proton therapy makes it an appealing choice for the treatment of NSCLC, with quite possibly a survival benefit when compared with conventional radiation therapy.

Proton therapy in early stage NSCLC {#section4-1753466618783878}
===================================

Surgical resection has been the primary treatment modality for patients with early stage disease and achieves an OS rate of approximately 60--80% at 5 years.^[@bibr25-1753466618783878][@bibr26-1753466618783878]--[@bibr27-1753466618783878]^ However, in patients who are medically inoperable or decline surgery, radiation therapy is an excellent alternative. Radiation for early stage disease is typically delivered using larger doses of per fraction (i.e. hypofractionation), also known as stereotactic body radiation therapy (SBRT) or stereotactic ablative radiation therapy, which has been shown to have equivalent clinical outcomes when compared with surgical resection.^[@bibr22-1753466618783878],[@bibr27-1753466618783878][@bibr28-1753466618783878][@bibr29-1753466618783878]--[@bibr30-1753466618783878]^ SBRT also has a more favorable toxicity and OS profile when compared with conventional fractionation (i.e. smaller doses of radiation that ranges from 1.8 to 2 Gy per fraction).^[@bibr31-1753466618783878][@bibr32-1753466618783878]--[@bibr33-1753466618783878]^ Various studies have shown a strong correlation between oncological outcomes and total dose given in early stage disease, where a biological effective dose of ⩾100--105 Gy is associated with improved local control and OS.^[@bibr34-1753466618783878],[@bibr35-1753466618783878]^ However, multiple arcs or beams are needed to deliver these hypofractionated doses, often passing through large amounts of normal lung parenchyma, exposing these areas to low doses of radiation, which can potentiate treatment toxicities in an already susceptible population.^[@bibr31-1753466618783878],[@bibr35-1753466618783878]^

Furthermore, studies have shown a significant increase in treatment-related toxicities associated with SBRT-treated lesions proximal to the bronchial tree (typically within 2 cm), vasculature and other critical organs.^[@bibr36-1753466618783878][@bibr37-1753466618783878]--[@bibr38-1753466618783878]^ In addition, larger early stage lesions (⩾5 cm) are a challenge to treat. Recent retrospective studies have shown good local control with SBRT, although toxicity is still of great concern, especially since these patients may be considered for systemic therapy along with SBRT.^[@bibr39-1753466618783878][@bibr40-1753466618783878]--[@bibr41-1753466618783878]^ proton beam therapy (PBT) may provide an optimal means to spare important OARs, particularly for large or centrally located lesions, without compromising on the dose necessary for desirable clinical outcomes. PBT may also allow for the safe utility of multimodality treatment (i.e. chemotherapy or even immunotherapy after SBRT for large lesions).

There have been a number of dosimetric analyses showing the benefit of proton therapy over photon treatment for early stage NSCLC,^[@bibr42-1753466618783878],[@bibr43-1753466618783878]^ as well as several clinical studies portraying improvement in target coverage while decreasing dose to the lungs, esophagus, cord and heart ([Table 2](#table2-1753466618783878){ref-type="table"}). One of the earliest prospective studies was conducted at Loma Linda and published by Bush and colleagues in 1999.^[@bibr44-1753466618783878]^ There was a total of 37 patients (*n* = 27 with stage I NSCLC) in the study, and those with good cardiopulmonary function (*n* = 18) were given a total of 73.8 CGEs (cobalt gray equivalents), using photon radiation to deliver the initial 45 Gy in 25 fractions to the gross disease/mediastinum and proton therapy for the additional 28.8 CGEs 'boost' to just gross disease in 16 fractions. Those with poor cardiopulmonary function (*n* = 19) received a total of 51 CGEs given solely with protons in 10 fractions over 2 weeks. The 2-year disease-free survival (DFS) for the early stage patients was 86%, with good local control (LC) at the primary site (87%) and minimal toxicity, with only two patients developing symptomatic radiation pneumonitis with the mixed proton--photon treatment.

###### 

Proton therapy studies for early stage non-small cell lung cancer.

![](10.1177_1753466618783878-table2)

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  First author                                          Year published   No. patients      Stage                                                                                         Fractionation regimen                                                                                                                                                                                                                                                                  Median follow up   Overall survival                                            Local control                              Toxicity
  ----------------------------------------------------- ---------------- ----------------- --------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------ ----------------------------------------------------------- ------------------------------------------ -----------------------------------------------------------------------------------
  Bush and colleagues^[@bibr44-1753466618783878]^       1999             37                I (*n* = 27), II (*n* = 2), IIIA (*n* = 8)                                                    51 CGEs in 10 fractions or 45 Gy in 25 fractions + 28.8 CGEs in 16 fractions = 73.8 CGEs to GTV                                                                                                                                                                                        14 months          2 years 31% (39% stage I)                                   2 years 87%                                6% grade 2 pneumonitis (0% for protons alone)

  Shioyama and colleagues^[@bibr45-1753466618783878]^   2003             51                IA (*n* = 9), IB (*n* = 19), II (*n* = 9), III (*n* = 8), IV (*n* = 1), recurrent (*n* = 5)   Median 76 CGEs in median 3.0 CGEs fractions with protons alone (*n* = 33) or protons + photons (*n* = 18)                                                                                                                                                                              30 months          5 years 29% (70% IA, 16% IB)                                5 years 57% (89% IA, 39% IB)               8% grade ⩾2 lung

  Bush and colleagues^[@bibr46-1753466618783878]^       2004             68                IA (*n* = 29), IB (*n* = 39)                                                                  51 CGEs in 10 fractions (*n* = 22) or 60 CGEs in 10 fraction (*n* = 46)                                                                                                                                                                                                                30 months          3 years 44% (27% for 51 CGEs, 55% for 60 CGEs)              3 years 74% (87% IA 49% IB)                0% symptomatic pneumonitis

  Nihei and colleagues^[@bibr47-1753466618783878]^      2006             37                IA (*n* = 17), IB (*n* = 20)                                                                  70 CGEs in 20 fractions (*n* = 3), 80 CGEs in 20 fractions (*n* = 17), 88 CGEs in 20 fractions (*n* = 16), 94 CGEs in 20 fractions (*n* = 1)                                                                                                                                           24 months          2 years 84%                                                 2 years 80%                                16% grade ⩾2 pneumonitis/pleural effusion

  Hata and colleagues^[@bibr48-1753466618783878]^       2007             21                IA (*n* = 11), IB (*n* = 10)                                                                  50 CGEs in 10 fractions (*n* = 3) or 60 CGEs in 10 fractions (*n* = 18)                                                                                                                                                                                                                25 months          2 years 74% (100% IA, 47% IB)                               2 years 95% (100% IA, 90% IB)              5% grade 2 pneumonitis, 10% late grade 2 subcutaneous induration/myositis

  Nakayama and colleagues^[@bibr49-1753466618783878]^   2010             55 (58 tumors)    IA (*n* = 30), IB (*n* = 28)                                                                  66 CGEs in 10 fractions (peripheral, *n* = 41) or 72.6 CGEs in 22 fractions (central, *n* = 17)                                                                                                                                                                                        17.7 months        2 years 97.8%                                               2 years 97%                                7% grade ⩾2 pneumonitis, 2% rib fracture

  Iwata and colleagues^[@bibr50-1753466618783878]^      2010             80                IA (*n* = 42), IB (*n* = 38)                                                                  Proton: 80 CGEs in 20 fractions (*n* = 20) or 60 CGEs in 10 fractions (*n* = 37); carbon ion: 52.8 CGEs in 4 fractions (*n* = 23)                                                                                                                                                      30.5 months        3 years 75% (74% IA, 76% IB)                                3 years 82% (87% IA, 77% IB)               12% grade ⩾2 lung, 16% grade ⩾2 skin, 23% rib fracture

  Busch and colleagues                                  2013             111               IA (*n* = 47), IB (*n* = 64)                                                                  51 CGEs in 10 fractions (*n* = 29), 60 CGEs in 10 fractions (*n* = 56), or 70 CGEs in 10 fractions (*n* = 26)                                                                                                                                                                          30.5 months        4 years 18% for 51 CGEs, 32% for 60 CGEs, 51% for 70 CGEs   4 years 45% for 60 CGEs, 74% for 70 CGEs   0% grade ⩾2 pneumonitis, 4% rib fractures

  Iwata and colleagues^[@bibr52-1753466618783878]^      2013             70                IA (*n* = 47), IB (*n* = 23)                                                                  Proton: 80 CGEs in 20 fractions (*n* = 14), 60 CGEs in 10 fractions (*n* = 20), 66 CGEs in 10 fractions (*n* = 8), or 70.2 CGEs in 26 fractions (*n* = 1); carbon ion: 52.8 CGEs in 4 fractions (*n* = 16), 66 CGEs in 10 fractions (*n* = 8), or 68.4 CGEs in 9 fractions (*n* = 3)   51 months          4 years 58% (72% for operable patient, *n* = 30)            4 years 75%                                3% grade ⩾2 pneumonitis, 7% grade ⩾2 skin, 27% rib fracture

  Kanemoto and colleagues^[@bibr53-1753466618783878]^   2014             74 (80 lesions)   IA (*n* = 59), IB (*n* = 21)                                                                  66 CGEs in 10--12 fractions (peripheral, *n* = 59) or 72.6 CGEs in 22 fractions (central, *n* = 21)                                                                                                                                                                                    31 months          5 years 65.8%                                               5 years 81.8%                              3% grade 2 skin, 1% grade 2 esophagitis, 1% grade 3 pneumonitis, 14% rib fracture

  Makita and colleagues^[@bibr54-1753466618783878]^     2015             56                IA (*n* = 43), IB (*n* = 13)                                                                  66 CGEs in 10 fractions (peripheral, *n* = 32) or 80 CGEs in 25 fractions (central, *n* = 24)                                                                                                                                                                                          33.7 months        3 years 81.3%                                               3 years 96%                                16.1% grade 2, 1.8% grade 3 pneumonitis, 17.9% grade 1 and 2 rib fractures

  Chang and colleagues^[@bibr55-1753466618783878]^      2017             35                IA (*n* = 12), IB (*n* = 16), IIA (*n* = 4), IIB (*n* = 3)                                    87.5 Gy at 2.5 Gy/fraction                                                                                                                                                                                                                                                             83.1 months        5 years\                                                    5 years 85%                                51.4% grade 2, 2.9% grade 3 dermatitis, 2.9% grade 3 pneumonitis
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   28.1 %                                                                                                 
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CGE, cobalt gray equivalents; GTV, gross tumor volume.

Loma Linda then opened a phase II trial looking at proton-only hypofractionated radiotherapy for stage I NSCLC in patients who were medically inoperable or who declined surgery (*n* = 68).^[@bibr46-1753466618783878]^ As studies showing suboptimal LC with conventional fractionation in early stage disease accumulated, the first 22 patients received 51 CGEs in 10 fractions over 2 weeks, but then the remaining 46 patients received 60 CGEs in 10 fractions over 2 weeks. The 3-year LC and disease-specific survival (DSS) were 74% and 72%, respectively. There was a statistically significant improvement in OS at 3 years for those patients who received 60 CGEs when compared with the lower dose (55% *versus* 27%, *p* = 0.03). There was no clinical evidence of acute radiation pneumonitis, acute/chronic esophagitis or cardiac toxicity in this cohort.^[@bibr46-1753466618783878]^ In 2013, the Loma Linda experience was updated to then include 111 NSCLC patients with stage I disease, and a third dose-escalated arm of 70 Gy in 10 fractions delivered over 2 weeks was employed. The entire group showed a 4-year OS benefit with dose escalation at 18%, 32% and 51% using 51 Gy, 60 Gy and 70 Gy, respectively (*p* = 0.006). There were especially good outcomes with peripheral T1 tumors, with LC of 96%, DSS of 88% and OS of 60% at 4 years with 70 Gy. There were no treatment-related adverse events of grade 2 or higher in this cohort.^[@bibr51-1753466618783878]^

There have been multiple Japanese studies evaluating the use of PBT in early stage disease. Yoshiuki and colleagues from the University of Tsukuba published their retrospective experience of 28 patients with stage I disease in 2003. Total doses ranged from 60 to 81 Gy (median 70 Gy) for stage IA patients, whereas stage IB patients were treated to 60 to 93 Gy (median 78 Gy), and all patients received a median of 3 Gy per fraction (range 2--6 Gy). Clinical outcomes for stage IA patients were significantly better when compared with those with stage IB, where the 5-year OS was 70% *versus* 16% (*p* = 0.015), DFS was 89% *versus* 17% (*p* = 0.005), and LC was 89% *versus* 39% (*p* = 0.10).^[@bibr45-1753466618783878]^ The same institution performed a prospective study of stage I patients (*n* = 21) treated with hypofractionated proton therapy initially using 50 Gy in 10 fractions 5 days a week for the first 3 patients, and then the dose was escalated to 60 Gy in 10 fractions for the subsequent 18 patients.^[@bibr48-1753466618783878]^ The 2-year OS, cause-specific survival (CSS) and local progression-free survival were 74%, 86% and 95%, respectively, for the entire cohort. For stage IA patients, the OS and CSS were 100%, 47%, while for the stage IB cohort, OS and CSS were 100%, 70% at 2 years, respectively. There were no grade ⩾3 toxicities. Overall, two patients developed a grade 1 hematologic toxicity and only one patient developed a grade 2 pneumonitis. In 2010, Nakayama and colleagues published an extended prospective analysis on 55 medically inoperable stage I patients, where a total of 66 CGEs in 10 fractions was given to peripheral lesions (*n* = 41) and 72.6 CGEs were given to more centrally located tumors (*n* = 17) in 22 fractions. OS at 2 years was 97.8%, with no significant difference between stage IA and stage IB patients. The 2-year progression-free survival (PFS) and LC were also excellent at 88.7% and 97%, respectively.^[@bibr49-1753466618783878]^ An update from the prospective University of Tsukuba early stage proton trial was published in 2014,^[@bibr53-1753466618783878]^ including 80 patients with centrally (*n* = 21) or peripherally (*n* = 59) located stage I NSCLC. Again, the hypofractionated dose used depended on location (peripheral *versus* central). The OS, DSS and PFS at 5 years were 65.8%, 73.8%, and 52.5%, respectively, across the entire cohort. LC for stage IA was 86.2% and 67% for stage IB patients at 3 years. The incidence of grade 3 pneumonitis was 1.3% (*n* = 1), and the only grade 4 events were rib fractures, which encompassed 13.8% of the cohort (*n* = 11).

Another Japanese study from the National Cancer Center Hospital East was reported in 2006. In this experience, a total of 37 patients (stage IA = 17, stage IB = 20) were treated initially on a phase I dose escalation trial (70 CGEs up to 98 CGEs; *n* = 10 patients) that was terminated early due to symptomatic radiation pneumonitis seen at 94 CGEs. After closure of the study, an additional 27 patients were treated to either 88 CGEs (4.4 CGE/fraction) if they had good cardiopulmonary function or 80 CGEs (4 CGE/fraction) with a poor pulmonary status. PFS at 2 years was 80%, with an OS of 84% for the entire cohort. In stage IA and IB disease, local-regional relapse-free survival rates were 79% and 60%, respectively.^[@bibr47-1753466618783878]^

In 2010, Iwata and colleagues reported on a series of 80 patients with stage I NSCLC treated with either proton (*n* = 57) or carbon ion (*n* = 23) radiation treatment. In the proton cohort, 80 CGEs given in 20 fractions or 60 CGEs in 10 fractions were administered. The LC at 3 years for the 80 and 60 CGE cohorts were 83% and 81%, respectively, whereas the OS were 90% and 61%.^[@bibr50-1753466618783878]^ Another study was reported by the same group in 2013, then focusing on larger (T2a/T2b) early stage NSCLC treated with either proton (*n* = 43) or carbon ion (*n* = 27) therapy. A total of three fractionation schemes were used as shown in [Table 2](#table2-1753466618783878){ref-type="table"} to treat 47 patients with T2a disease and 23 patients with T2b disease. For the entire cohort, the 4-year OS was 58% and LC was 46%.^[@bibr52-1753466618783878]^ Makita and colleagues published their study on 56 stage I NSCLC patients in 2015. In this study, patients with peripheral tumors were treated with 66 CGEs in 10 fractions while more centrally located lesions were treated with 80 CGEs in 25 fractions. The OS, PFS and LC for the entire cohort were 81.3%, 73.4%, and 96%, respectively, at 3 years, with no grade 4 or 5 toxicities reported, and grade 3 toxicities limited to two patients; one with dermatitis and the other with pneumonitis.^[@bibr54-1753466618783878]^

More recently, investigators from the MD Anderson Cancer Center and Massachusetts General Hospital, USA reported their long-term outcomes of a phase I/II prospective dose-escalated proton study in early stage patients that used a relative biologic equivalent dose of 87.5 Gy in 35 fractions.^[@bibr55-1753466618783878]^ The majority of the patients had stage I disease (*n* = 28) and primaries less than 5 cm in size (*n* = 29). At 5 years, the OS and LC were 28% and 85% for the entire cohort, with no grade 4 or 5 toxicities. Grade 3 dermatitis and radiation pneumonitis were observed in one patient each. Furthermore, a meta-analysis was just published comparing proton beam therapy and SBRT with photons in early stage NSCLC using 72 SBRT and 9 hypofractionated proton studies in early stage disease.^[@bibr56-1753466618783878]^ The 5-year OS was significantly improved with proton therapy when compared with photon treatment (60% *versus* 41.3%, *p* = 0.005), along with an observed, but statistically not significant, improvement in LC (87.2% *versus* 80.8%). PBT was associated with a significantly decreased overall rate of grade 3--5 toxicities (4.8% *versus* 6.9%, *p* = 0.05), including a lower risk of grade ⩾3 radiation pneumonitis (0.9% *versus* 3.4%, *p* = 0.001). PBT did, however, have a higher rate of grade ⩾3 chest wall toxicity (1.9% *versus* 0.9%, *p* = 0.03).

Proton therapy in locally advanced NSCLC {#section5-1753466618783878}
========================================

The current standard of care for inoperable locally advanced NSCLC is concurrent chemotherapy and radiation to a dose of 60--70 Gy.^[@bibr57-1753466618783878][@bibr58-1753466618783878][@bibr59-1753466618783878]--[@bibr60-1753466618783878]^ Previous efforts to dose-escalate with photon therapy based on prior promising phase II trials failed to demonstrate a survival benefit in the phase III trial, Radiation Therapy Oncology Group (RTOG) 0617.^[@bibr58-1753466618783878],[@bibr61-1753466618783878],[@bibr62-1753466618783878]^ While disappointing, the results led to enlightening studies exploring radiation doses to normal tissues such as the heart and the effects on patient outcomes in the context of locally advanced disease.^[@bibr19-1753466618783878],[@bibr63-1753466618783878]^ Speirs and colleagues examined the population of patients in RTOG 0617 treated at Washington University, USA and found that cardiac dose (V50, or the proportion of normal heart tissue that that receives at least 50 Gy) was the strongest independent prognostic factor on multivariate analysis for OS. In addition, heart volume and dose to the lungs (V5, or the proportion of normal lung tissue that is not in the target volume that receives at least 5 Gy) were also found to correlate with outcomes. Collectively, the findings suggest that dose escalation may, in fact, be beneficial if specific dosimetric parameters to surrounding normal tissues can be achieved. Herein lies the appeal of PBT in the setting of locally advanced NSCLC.

Data regarding the dosimetric benefits of PBT have been well documented. In locally advanced NSCLC, PBT has consistently demonstrated promising results regarding dose reduction to normal tissues.^[@bibr64-1753466618783878][@bibr65-1753466618783878]--[@bibr66-1753466618783878]^ In a dose--volume histogram (DVH) analysis, Chang and colleagues found that patients with stage III NSCLC demonstrated a significant improvement in the dose to the lungs, spinal cord, heart, esophagus, and overall integral body dose compared with photon therapy (3D-CRT or IMRT).^[@bibr64-1753466618783878]^

Moreover, a growing preponderance of recent evidence suggests a significant clinical benefit of proton beam radiotherapy for locally advanced NSCLC patients. In 2011, a phase II study from the MD Anderson Cancer Center, USA examined outcomes of PBT (74 Gy) with concurrent chemotherapy in stage III NSCLC patients. The median follow up was 19.7 months, with a median OS of 29.4 months achieved. There were no grade 4 or 5 proton-related toxicities.^[@bibr67-1753466618783878]^ At 1 year, the OS and PFS was 86% and 63%, respectively. Additionally, 9.1% of patients experienced an isolated local recurrence, whereas the rate of distant metastases was 43.2%. These findings were corroborated by Hoppe and colleagues who examined 19 patients with stage III disease treated with PBT to a median dose of 74 Gy with concurrent chemotherapy.^[@bibr68-1753466618783878]^ At the median follow up of 15 months, only one patient demonstrated acute nonhematologic grade ⩾3 toxicity (grade 4 esophagitis), while three patients developed late grade ⩾3 toxicities.

Reporting on the results from two separate phase II trials with a median follow up of 15.2 months, Sejpal and colleagues examined the toxicities of 62 patients with stage III NSCLC treated with PBT and compared outcomes to case-matched controls treated with 3D-CRT or IMRT.^[@bibr69-1753466618783878]^ Treatment with PBT resulted in a 2% and 5% rate of grade ⩾3 pneumonitis and esophagitis, respectively. Despite higher doses of radiation therapy (RT), the incidence of toxicities (grade ⩾3 pneumonitis and esophagitis) in those patients treated with PBT was comparably lower relative to that of patients treated with 3D-CRT (30% and 18%) and IMRT (9% and 44%).

More recently, the University of Florida, USA reported the results of a phase II trial of PBT (74--80 Gy) and concurrent chemotherapy treatment in stage III NSCLC patients.^[@bibr69-1753466618783878]^ The 2-year OS and PFS were 57% and 25%, respectively. Median OS and PFS were 33 months and 14 months, correspondingly. There were no grade 3 toxicities. Notably, this trial closed early due to poor accrual, highlighting the difficulty in successfully enrolling on to single institutional studies.

Long-term outcomes after PBT and concurrent chemotherapy have also been reported.^[@bibr70-1753466618783878],[@bibr71-1753466618783878]^ In 2015, Nguyen and colleagues reported the results of a non-randomized observational study that included 134 patients with stage II/III NSCLC (113 stage III patients) treated with PBT and concurrent chemotherapy.^[@bibr70-1753466618783878]^ The median follow up was 4.7 years. The OS was 30.4 months for stage III patients, and the 5-year DFS was 18%. Only one patient experienced grade 4 esophagitis, while six experienced grade 3 esophagitis, and 2 experienced grade 3 pneumonitis. MD Anderson Cancer Center investigators recently published the long-term results of their prospective phase II study with a median follow up of 27.3 months for all patients and 79.6 months for survivors. The median OS was 26.5 months, with a 5-year PFS of 22%. Local recurrences occurred in 16% of patients, whereas distant metastases occurred in 48%. Acute grade 3 esophagitis occurred in 12% of patients, and there was no acute grade ⩾3 pneumonitis reported. Acute cardiac arrhythmia or ischemia occurred in 3% of patients. Long-term toxicities included grade 3 esophagitis (12%); grade 4 esophagitis (2%); grade 3 pneumonitis (16%); and grade 4 bronchial fistula (2%).

Even in patients that do not receive concurrent chemotherapy, proton beam radiotherapy has demonstrated compelling outcomes with regard to LC and toxicity.^[@bibr72-1753466618783878],[@bibr73-1753466618783878]^ In 2010, a Japanese retrospective analysis of 35 patients with stage II/III NSCLC treated with proton beam radiotherapy alone (median dose 72.6 Gy) demonstrated an OS/PFS of 81.8/56.9% and 58.9/29.2% at 1 and 2 years, respectively.^[@bibr72-1753466618783878]^ There were no grade 3 toxicities noted. In a 2015 retrospective analysis, Hatayama and colleagues examined 27 patients with stage III disease treated to a median dose of 77 Gy with neoadjuvant chemotherapy administered to 11 patients.^[@bibr74-1753466618783878]^ The 1-year OS for the entire cohort was 92.3% and 52% at 2 years. There was a significant improvement in survival in those patients that received chemotherapy compared with those patients that did not. Overall, two patients developed grade 3 pneumonitis and one developed grade 3 esophagitis. In 2014, a phase II study by Oshiro and colleagues examining 15 stage III patients demonstrated a median survival of 26.7 months, with three cases of grade 3 pneumonitis, one case of grade 3 esophagitis, and no other grade 4/5 toxicities.^[@bibr75-1753466618783878]^

While the literature has generally demonstrated the benefit of PBT compared with conventional RT, a recently reported Bayesian randomized trial was reported where IMRT was compared with PBT (all received PS treatment) and showed no clinical difference between the two techniques.^[@bibr76-1753466618783878]^ The study included a number of inoperable NSCLC patients ranging from stage IIB to oligometastatic disease or patients with recurrent disease after surgery, but all had to be candidates for concurrent chemoradiation. Both IMRT and PBT treatment plans were generated for each patient, yet patients were only randomized if both plans satisfied predefined OAR constraints. The primary outcome of the study examined treatment failure defined as either grade 3 pneumonitis or local recurrence within 12 months and found that there was no significant difference between the two modalities. The rate of grade 3+ radiation pneumonitis was 8.1% for the entire cohort (IMRT: 6.5%; passively scattered proton therapy (PSPT): 10.5%) and local failure was 10.7% for all patients (IMRT: 10.9%; PSPT: 10.5%). There could be several reasons as to why this phase II study showed no difference in outcomes between the two techniques. First, only patients who had a pair of acceptable IMRT and PBT treatment plans, to the same tumor dose, were randomized. This method could have excluded patients who would have potentially preferentially benefitted from PBT, thus favoring the IMRT arm. Furthermore, this trial required the same tumor dose for both IMRT and PBT, thereby hindering the proton arm from depicting its true potential of higher dose to the tumor, possibly increasing local control, while sparing nearby organs-at-risk. Additionally, this trial used a fairly heterogeneous population of patients and allowed neoadjuvant chemotherapy, which can increase the risk of radiation pneumonitis in patients who then go on to receive concurrent chemoradiation, which could have confounded the results. Lastly, the trial demonstrated a steep learning curve with proton therapy and underscored the importance of experience when using this advanced radiation modality, as the rate of grade ≥ 3 radiation pneumonitis and local failure at 12 months was 31.0% for patients enrolled before the study midpoint versus only 13.1% for patients enrolled after the midpoint. Nonetheless, despite several affirming studies regarding PBT, these sobering findings does underscore the need for more randomized trials.

Discussion and future directions {#section6-1753466618783878}
================================

NSCLC remains a challenging disease to treat with radiotherapy given the close proximity to critical organs such as the heart, spinal cord and normal lung parenchyma. The physical properties of proton therapy allow for dose escalation and hypofractionation that can potentially improve LC and survival,^[@bibr20-1753466618783878],[@bibr77-1753466618783878],[@bibr78-1753466618783878]^ while minimizing dose to normal structures, especially in the setting of concurrent chemotherapy, trimodality therapy with surgery for locally advanced disease, and for reirradiation.^[@bibr79-1753466618783878]^ There have been a number of recently published institutional experiences using proton therapy as a means to deliver definitive, high doses of reirradiation therapy to patients with recurrent NSCLC, providing them a second chance of cure.^[@bibr23-1753466618783878],[@bibr80-1753466618783878][@bibr81-1753466618783878]--[@bibr82-1753466618783878]^

Although proton therapy is precise, this same precision can lead to delivery uncertainty, where intrafractional tumor motion (i.e. motion during beam delivery) can potentially lead to underdosing the gross disease and giving normal tissues higher doses of irradiation. Therefore, motion mitigation techniques, 4D image guidance and adaptive replanning, as described previously, maybe even more critical for proton treatment when compared with photons.^[@bibr83-1753466618783878],[@bibr84-1753466618783878]^ Though studies have consistently shown the dosimetric superiority of protons radiation over conventional photon treatment in NSCLC, the clinical outcomes data indicating that these benefits translate to a clinical advantage are currently still limited but emerging. Randomized clinical trials are necessary to ultimately measure the superiority of proton *versus* photon therapy in NSCLC.

The RTOG 1308 trial \[ClinicalTrials.gov identifier: NCT01993810\] is a multi-institutional phase III randomized trial comparing OS in stage II--IIIB, nonoperable NSCLC patients being treated to a total dose of 70 Gy (2 Gy per fraction) with concurrent chemotherapy using image-guided, motion-managed proton or photon radiation techniques. In this study, the total dose can be decreased to as low as 60 Gy if OAR dose constraints are not met. Secondary end points also include PFS, quality of life measures, adverse events, cost-effectiveness, and pulmonary function before and after radiation treatment.^[@bibr85-1753466618783878]^ The Proton Collaborative Group is conducting a phase I/II study (LUN005; ClinicalTrials.gov identifier: NCT0177041) that is assessing the feasibility of hypofractionated proton therapy with concurrent chemotherapy in stage II/III NSCLC patients. The phase I portion of the study is looking to determine the maximum tolerated dose per fraction to a total of 60 Gy, starting at 2.5 Gy per fraction and escalating to 4 Gy. In the phase II portion, the trial is evaluating survival at 12 months, adverse events and tumor control. Future studies also include the German, phase II, randomized PROTOX trial, which aims to compare pneumonitis and esophagitis rates in locally advanced NSCLC patients treated with PBT or IMRT.^[@bibr86-1753466618783878]^ The trial employs an accelerated approach informed by the previous CHARTWEL that demonstrated a LC benefit of hyperfractionation in locally advanced NSCLC.^[@bibr87-1753466618783878]^

For early stage disease, University of Florida investigators are assessing the safety of image-guided hypofractionated proton therapy for inoperable stage I NSCLC patients using 48 Gy (12 Gy per fraction) for peripheral lesions and 60 Gy (6 Gy per fraction) for centrally located tumors (LU03; ClinicalTrials.gov identifier: NCT00875901). The primary outcomes measure is the rate of grade 3 or higher toxicities, with secondary endpoints assessing OS, tumor control, dosimetric parameters of OARs, and quality of life metrics.

The majority of the clinical data published to date on proton therapy for NSCLC have utilized PS proton technology. PBS is the latest form of proton radiation treatment, and although the clinical data in NSCLC are limited, early data demonstrate its dosimetric superiority over PS PBT^91,92^ and clinical experiences, especially in the reirradiation setting,^93^ express its efficacy and safety. As additional new proton centers arise and established centers continue to mature in their experience, new data promise to further elucidate the dynamic landscape of NSCLC and the role of PBT.
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